Time-dependent photoluminescence measurements of low-temperature-annealed Er-doped Si-rich SiO 2 were conducted at sample temperatures 15-300 K. The erbium internal relaxation efficiency from the second ͑ 4 I 11/2 ͒ to the first ͑ 4 I 13/2 ͒ excited state upon luminescence-center-mediated Er 3+ excitation is investigated. Despite the observation of temperature-dependent relaxation rates, the erbium internal relaxation efficiency is found to be remarkably temperature independent, which suggests that the internal relaxation efficiency is near unity. Internal relaxation is shown to account for 50%-55% of the 4 I 13/2 excitation events in the entire temperature range. These results demonstrate that high pump efficiency and stable operation of devices based on this material will be possible under varying thermal conditions. © 12 we demonstrated that the excitation of Er 3+ in Si-rich SiO 2 without Si NCs likely occurs not only into higher energy levels but also directly into the first excited state ͑ 4 I 13/2 ͒. As a result, the first excited state of Er 3+ is populated via two channels: through direct excitation by Sirelated luminescence centers ͑LCs͒, and through LC-related excitation into higher lying levels followed by internal relaxation of the Er 3+ ions to the first excited state. These two excitation pathways account for an approximately equal number of excitation events at T =15 K. 12 In the current study we monitor temperature-dependent excitation and relaxation rates of Er 3+ and demonstrate that the internal relaxation remains an efficient excitation channel up to room temperature.
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Currently a significant amount of work is dedicated to the realization of a silicon-based light source for optical onchip interconnects. [1] [2] [3] [4] [5] The recent discovery of luminescencecenter-mediated sensitization of Er 3+ in Si-rich SiO 2 6,7 and the presence of Er 3+ sensitization even in samples containing excess silicon but no Si nanocrystals ͑NCs͒ [6] [7] [8] open up new opportunities to achieve this goal. The use of Er-doped Sirich SiO 2 without Si NCs could potentially overcome several challenges, including free carrier absorption, 9 ,10 NC-related scattering losses, 11 and the low density of sensitized Er 3+ ions 6 inherent to Er-doped Si-rich SiO 2 with Si NCs. In recent study 12 we demonstrated that the excitation of Er 3+ in Si-rich SiO 2 without Si NCs likely occurs not only into higher energy levels but also directly into the first excited state ͑ 4 I 13/2 ͒. As a result, the first excited state of Er 3+ is populated via two channels: through direct excitation by Sirelated luminescence centers ͑LCs͒, and through LC-related excitation into higher lying levels followed by internal relaxation of the Er 3+ ions to the first excited state. These two excitation pathways account for an approximately equal number of excitation events at T =15 K. 12 In the current study we monitor temperature-dependent excitation and relaxation rates of Er 3+ and demonstrate that the internal relaxation remains an efficient excitation channel up to room temperature.
Er-doped Si-rich SiO 2 films containing 12 at. % excess Si and 0.63 at. % of Er were prepared by magnetron cosputtering onto a Si substrate. The samples were annealed for 100 s in N 2 at 600°C or 1100°C ͑labeled LTA and HTA, respectively, for low and high temperature annealing͒ and subsequently passivated for 30 min in forming gas ͑N 2 :H 2 =95% :5%͒ at 500°C. No Si aggregates could be detected in transmission electron microscopy measurements on LTA samples, while measurements on HTA samples clearly showed the presence of NCs. 6 Optical measurements were performed in a closed-loop He cryostat in the temperature range 15-300 K. Photoluminescence ͑PL͒ spectra were taken under 351 nm excitation with a Kr-ion laser ͑pump irradiance 1.40 W / cm 2 ͒. The PL spectra were corrected for the system spectral response. The time-dependent PL signal was measured either under modulated continuous wave ͑cw͒ pumping using the excitation parameters described above or using pulsed excitation with the 355 nm line of a neodymium doped yttrium aluminum garnet laser with a pulse width of 5 ns and a pulse energy of 1.9 J. All measured PL parameters have an experimental error smaller than Ϯ5%. A more detailed description of the experimental procedures can be found in Refs. 6, 7, and 12.
The PL spectra of the LTA sample shown in Fig. 1͑a͒ exhibit four emission bands: a band peaking at ϳ600 nm corresponding to the emission from silicon-excess-related LCs, 13 a band peaking at 1128 nm most likely corresponding to radiative exciton recombination in the Si substrate, and two Er-related emission bands at 981 and 1535 nm corresponding to the transitions 4 I 11/2 → 4 I 15/2 and 4 I 13/2 → 4 I 15/2 , respectively. The PL spectra of the HTA sample shown in Fig. 1͑b͒ exhibit three emission bands: a broad emission band peaking at ϳ750 nm typically attributed to emission from Si NCs in the Si-rich SiO 2 matrix and the two Errelated emission bands that were also observed in the LTA sample. In both samples the Er-related emission at 1535 nm shows pronounced spectral broadening with increasing temperature due to the temperature-dependent redistribution of the excited states over the Stark-split 4 I 13/2 level. No Er 3+ emission could be detected in samples containing a similar Er concentration ͑0.49 at. %͒ but no Si excess under cw or pulsed excitation. This clearly demonstrates that the excitation of Er 3+ in the LTA and HTA samples is predominantly indirect and Si-excess related. To ensure similar excitation conditions the measurements under both cw and pulsed excitation were taken at sufficiently low pump power to avoid significant signal saturation and second order processes ͑co-operative upconversion, excited state absorption͒.
Based on lifetime measurements at 1535 nm under modulated cw excitation ͑not shown͒ the excitation rate of Fig. 2͑a͒ . Note that despite the significant difference in the stoichiometry of the LTA and HTA samples, the observed excitation rates are similar in value and are both virtually temperature independent. This provides further evidence for a similar origin of Er 3+ sensitization in these different samples. Figures 3͑a͒ and 3͑b͒ show the time-dependent PL intensity at 981 nm in the LTA sample taken under pulsed excitation at 355 nm. The excitation of the second excited state was found to take place on a time scale Ͻ27 ns at all temperatures. The 1 / e decay times of the second excited state of Er 3+ ͑ 4 I 11/2 ͒ 3 were obtained by fitting the measured decay traces with the function I 3 ͑t͒ = I 3 ͑0͒ ϫ exp͓−͑t / 3 ͒ ␤ 3 ͔. All decay traces exhibited a temperature-independent value of ␤ 3 = 0.79+ / −0.01. The corresponding decay rate of the second excited state of Er 3+ in the LTA sample W 3 =1/ 3 is shown in Fig. 2͑b͒ and demonstrates a gradual increase by a factor of ϳ1.5 as the temperature is increased from 15 to 300 K. Figures 3͑c͒ and 3͑d͒ show the time-dependent PL intensity at 1535 nm in the LTA sample taken under pulsed excitation. The shape of these traces results from the presence of two distinct sensitization mechanisms:
12 a fast excitation process taking place on a timescale Ͻ27 ns due to excitation of Er 3+ by LCs apparently directly into the first excited state and a slow excitation process taking place on a timescale of several microseconds due to the LC-mediated excitation of Er 3+ into higher energy levels followed by relatively slow relaxation to the first excited state. The short time constant ͑Ͻ27 ns͒ of the fast excitation of both the first and second excited states at all considered temperatures suggests a similar origin of the fast excitation of both states. The experimental decay traces at 1535 nm are described by the function:
where N 2 fast ͑0͒ and N 3 ͑0͒ are the densities of the Er 3+ ions excited by the fast process into the first and higher excited states, respectively, 2 , ␤ 2 and 3 , ␤ 3 are the decay times and the dispersion factors, respectively, of the first and second excited states and 32 is the relaxation time from the second to the first excited state of Er 3+ . The thus obtained W 3 =1/ 3 values are in excellent agreement with the corresponding decay rates acquired from the fit to the time-dependent 981 nm emission ͓Fig. 2͑b͔͒, strongly supporting the presented model. The decay rate of the first excited state ͑W 2 =1/ 2 ͒ of the LTA sample is included in Fig. 2͑b͒ and shows a similar to W 3 increase by a factor of ϳ1. 9 . the dispersion factors ␤ 2 and ␤ 3 describe the observed multiexponential decay, which is likely caused by the presence of Er 3+ ions with different decay rates. The obtained dispersion factors are shown in Fig. 2͑b͒ , and can be seen to be relatively constant, suggesting that temperature affects all Er 3+ ions responsible for the emission in a similar manner. The relaxation rate W 3 is commonly assumed to be dominated by multiphonon relaxation from the second to the first excited state, with the energy difference bridged predominantly by high energy phonons 14 with energies of ϳ130-150 meV in the case of SiO 2 .
15,16 However, using the well known expression for the multiphonon relaxation rate, 14 the temperature dependence of W 3 could not be accurately described. This suggests that a non-phonon-related temperature-dependent nonradiative decay channel is present. This assumption is supported by the room temperature relaxation rate of W 3 = 6.2ϫ 10 5 s −1 , which is much larger than both the room temperature multiphonon rate of ϳ1 ϫ 10 5 s −1 ͑Ref. 14͒ and the typical radiative rate of ϳ100-130 s −1 ͑Ref. 17͒ of the second excited state of Er 3+ in silicate glasses. Note that the first excited state decay rate W 2 , which is known to be approximately temperature independent in SiO 2 ͑Ref. 17͒ also increases by a factor of ϳ1.9 in this temperature range. Both observations are likely due to the presence of nonradiative relaxation through coupling with low-energy electronic transitions in this lowtemperature processed Si-doped oxide. This suggests that the technical implementation of this material requires thermal processing that minimizes the presence of electronic defects, while avoiding the formation of extended Si NCs. The temperature dependence of the fractions of Er 3+ ions excited into the first excited state via the fast ͑f fast ͒ and slow ͑f slow ͒ process, respectively, found from the time integration of the first and second terms in Eq. ͑1͒ ͑Ref. 12͒ is shown in Fig. 2͑c͒ . Surprisingly, for all temperatures the fast and slow excitation mechanisms are responsible for 45%-50% and 50%-55%, respectively, of the excitation events into the first excited state. Assuming that the fast excitation of the first and second excited states have the same temperature dependence, the observed temperature-independent contribution of each of the excitation pathways of the first excited state suggests that the relaxation efficiency from the second to the first excited state of Er 3+ ͑ 32 ͒ does not change significantly with temperature. However, the total relaxation rate from the second excited state ͑W 3 ͒ does vary with temperature by a factor of ϳ1. Based on these considerations it seems most likely that the decay from the second excited state is dominated by the relaxation to the first excited state ͑W 3 Ϸ W 32 ͒, suggesting that the relaxation efficiency 32 in this material is near-unity.
In summary, luminescence-center-mediated Er 3+ excitation is shown to occur with near-equal probability through direct excitation into the first excited state ͑45%-50%͒ and through excitation into higher levels followed by relaxation to the first excited state ͑50%-55%͒ in the entire temperature range 15-300 K. The observation of a temperatureindependent Er 3+ excitation rate and a temperatureindependent fraction of Er 3+ excitation events occurring via the second excited state combined with the observed increasing second excited state relaxation rate suggests a constant near-unity relaxation efficiency from the second to the first excited state of Er 3+ in low-temperature-annealed Er-doped Si-rich SiO 2 in this temperature range. These results indicate that high pump efficiency and stable room temperature operation of devices based on this material are possible. This work was supported by the National Science Foundation CAREER No. ECCS-0644228.
